ABSTRACT: Lack of septation of the cardiac outflow tract (OFT) results in persistent truncus arteriosus (PTA), a form of congenital heart disease. The outflow myocardium expands through addition of cells originating from the pharyngeal mesoderm referred to as secondary/anterior heart field, whereas cardiac neural crest (CNC) cellderived mesenchyme condenses to form an aortopulmonary septum. We show for the first time that a mutation in Wnt5a in mice leads to PTA. We provide evidence that Wnt5a is expressed in the pharyngeal mesoderm adjacent to CNC cells in both mouse and chicken embryos and in the myocardial cell layer of the conotruncus at the time when CNC cells begin to form the aortopulmonary septum in mice. Although expression domains of secondary heart field markers are not altered in Wnt5a mutant embryos, the expression of CNC cell marker PlexinA2 is significantly reduced. Stimulation of CNC cells with Wnt5a protein elicits Ca 2ϩ transients, suggesting that CNC cells are capable of responding to Wnt5a. We propose a novel model in which Wnt5a produced in the OFT by cells originating from the pharyngeal mesoderm signals to adjacent CNC cells during formation of the aortopulmonary septum through a noncanonical pathway via localized intracellular increases in Ca 
C ongenital heart disease is a highly prevalent human disorder occurring in approximately 1% of live-born infants, 10% of stillbirths, and 20% of spontaneous abortions. Cardiac OFT defects account for up to one third of congenital heart disease cases (1, 2) . Apart from DiGeorge or 22q11.2 deletion syndrome, which is one of the most recognized human syndromes with conotruncal anomalies (3), the etiology of the majority of major cardiac OFT defects remains unknown.
Separation of the pulmonary circulation from the systemic circulation is a crucial step in the development of the mature heart. Proper formation of the OFT is largely dependent on the contribution of two types of cells of mesodermal and CNC origin (4, 5) . Growth of the outflow myocardium occurs through addition of cells originating from the pharyngeal mesoderm referred to as secondary/anterior heart field (5-7), whereas CNC cell-derived mesenchyme condenses to form an aortopulmonary septum (4, 8, 9) . CNC cells may also indirectly affect addition of the myocardium to the OFT from the secondary heart field (10, 11) .
Ablation of premigratory CNC cells in chick embryos results in a spectrum of distinct cardiac OFT phenotypes, including PTA, interruption of the aortic arch, tetralogy of Fallot, and double-outlet right ventricle (12) (13) (14) . A similar spectrum of phenotypes is observed in humans (1, 2) as well as mice with OFT defects. For example, mice deficient in Semaphorin 3C (Sema3C) have PTA due to failure of targeted CNC cell migration (15) . Sema3C is a secreted ligand that is expressed in the conotruncus in cells adjacent to migrating CNC cells and is thought to serve as a cue to guide CNC cells to the OFT (14, 15) . Mice with neural crest cell-specific deletion of type II transforming growth factor ␤ (TGF-␤) receptor also have PTA (16) , but the etiology is less clear, partly because the underlying processes that are responsible for organizing CNC cells into the aortopulmonary septum are poorly understood.
It has been suggested that due to their physical proximity, mesodermal cells of secondary/anterior heart field origin and CNC cells are likely to interact through signaling mechanisms (5), but the nature of these interactions is unknown. Positional information in developing organisms is frequently determined by morphogenetic gradients, such as those generated by Wnt family of secreted glycoproteins (17) . Activation of a Wnt signaling pathway requires interaction between Wnt, a sevenpass transmembrane receptor protein, Frizzled (Fz), lowdensity lipoprotein receptor-related protein (18) , and receptor tyrosine kinase Ror2 (19) .
The role for Wnt signaling pathway in cardiac development has been suggested by reports showing Fz2 expression in the developing cardiac OFT (20) and the presence of a ventricular septal defect in Ror2 Ϫ/Ϫ mice (19) . In this report, we examine the consequences of Wnt5a functional deletion with respect to the formation of the cardiac OFT. Molecular and morphologic analyses are consistent with a model in which Wnt5a signal originating from the pharyngeal mesoderm is instructive to CNC cells during formation of the aortopulmonary septum through a noncanonical Wnt/Ca 2ϩ pathway.
MATERIALS AND METHODS
Genotyping of mice. The Wnt5a ϩ/Ϫ mice were generously provided by Dr. Andrew McMahon (Harvard University) (21) . Embryos used in this study were obtained by intercrossing Wnt5a ϩ/Ϫ mice. Wild-type littermates were used as controls. Genomic DNA was polymerase chain reaction (PCR) amplified as described (17) . The study was approved by the University of Minnesota Animal Care and Use Committee.
India ink injections. Mouse embryos were collected at E17.5 and dilute (1:100) India ink was injected into the left ventricle and perfused through the vascular system using a microinjector (Medical System Corp. PLI-100) (22) .
Histology. Mouse embryos were harvested between E13.5 and E17.5, fixed in 4% paraformaldehyde, dehydrated through alcohols, embedded in paraffin, and cut into 9-m thick sections. Standard hematoxylin and eosin staining was performed.
In situ hybridization. In situ hybridization was performed on whole mouse and chick embryos as well as paraffin-embedded mouse tissue sections by standard methods (23, 24) . PlexinA2 (25) , Fgf8 (26) , Fgf10 (27) , and Tbx1 (28) probes have been previously described. Crabp1 cDNA probe fragment was PCR amplified from a cDNA library obtained from E9.5 embryos (forward: 5=-acccgtccgcagcagaggtg-3=; reverse: 5=-ggcaacaagagcctgaggggag-3=). Sox10 cDNA probe was amplified from I.M.A.G.E clone ID3675437 (forward: 5=-tgtgtgccctgctcctcatcag-3=; reverse: 5=-ggcagcgatgtgttacatgtgg-3=). cDNA for mouse Wnt-5a (bp 691-1236; GenBank No. NM009524) was isolated by reverse transcriptase PCR from whole E11.5 embryos. Chicken Wnt5a cDNA probe was a 529-bp fragment (NCBI accession No. AB006014) amplified from total HH stage 16 chicken RNA (forward: 5=-aatggcttctcagtacctcg-3=; reverse: 5=-agcggtatccgtactcgatg-3=). All in situ hybridization analyses were performed in at least three embryos per probe at a given developmental stage.
Quail-chick CNC chimeras. Quail-chick CNC chimeras were generated as previously published (24, 29) . In situ hybridization was followed by immunohistochemistry with QCPN (quail nuclei marker) (24, 29) . The secondary antibody for QCPN was Alexa Fluor 568 rabbit anti-mouse IgG (HϩL) (Molecular Probes) diluted 1:100. The QCPN supernatants were generated from hybridoma cells (obtained from the DSHB, University of Iowa). Chimeras (n ϭ 3) were analyzed at embryonic d 2.5-3.0 (HH17/18).
Neural crest outgrowth cultures. Neural folds were isolated in the chick at HH stage 9 -10 from the level of the otic placode to the third somite using a tungsten needle. The neural folds were plated on fibronectin-coated 22 mm 2 glass coverslips (BD Biosciences) and cultured for 48 h (29, 30) . Immunohistochemistry (24) was performed using monoclonal antihuman CD57/HNK-1 antibody (1:100, Sigma Chemical Co.), Alexa Flour 568 goat antimouse IgM (1:100, Molecular Probes), and DAPI (1:200, Molecular Probes).
Calcium imaging. Calcium imaging was performed in individual CNC cells after 48 h in culture. To assess dynamic changes in cytosolic Ca 2ϩ concentration ([Ca 2ϩ ] i ), we used the Ca 2ϩ -sensitive fluorophore fura-2 AM (Molecular Probes) as previously published (31, 32) . To determine the effects of the recombinant mouse Wnt3a and Wnt5a proteins (R&D Systems), along with human endothelin-1 (Et-1, Sigma Chemical Co.) on CNC cell [Ca 2ϩ ] i , baseline measurements were obtained for 5 min before the substances were superfused over the cells. Wnt3a and Wnt5a were administered to the cells in concentrations ranging from 0.005 g/mL to 0.05 g/mL for Wnt5a and 0.005 g/mL to 0.1 g/mL for Wnt3a. Et-1 was administered to cells in concentrations ranging from 1 ϫ 10
Ϫ9
M to 1 ϫ 10 Ϫ8 M. Statistical analysis. Calcium imaging data are presented as means Ϯ SEM from three independent experiments. Statistical significance was tested with a t test. Experiments were designed to have a statistical power of 90% at a probability level of p Ͻ 0.05.
RESULTS

Wnt5a mutant mice have cardiac OFT abnormalities.
Wnt5a
Ϫ/Ϫ mice are grossly abnormal and die shortly after birth due to multiple defects (21) . To assess the cardiac anatomy in these mice, we analyzed 19 mutants by angiographic imaging and/or histologic analysis (Table 1) . We found a 100% penetrance of cardiac OFT abnormalities in Wnt5a Ϫ/Ϫ mice (n ϭ 19), including PTA (n ϭ 17) (Fig.  1E-H,J) , double-outlet right ventricle (n ϭ 1, not shown), and Wnt5a AND PERSISTENT TRUNCUS ARTERIOSUS transposition of the great arteries (TGA) (n ϭ 1, not shown). A large subarterial ventricular septal defect (VSD) was present in all specimens (Fig. 1H,L) . TGA and VSD, but not PTA, have previously been reported in Ror2 and Wnt5a null mice (19) . In addition to PTA, angiographic analysis revealed other associated aortic arch abnormalities, including interruption of the aortic arch (n ϭ 5/12, Fig. 1E,G) , right-sided aortic arch (n ϭ 3/12, Fig. 1F ), and coarctation of the aorta (n ϭ 2/12, not shown).
Wnt5a is expressed in the pharyngeal mesoderm. In addition to previously published data (21), we found strong Wnt5a expression in pharyngeal mesoderm in mouse embryos at E9.5 and E10.5 ( Fig. 2A,B) . No detectable level of Wnt5a expression was present in migrating streams of CNC cells. Analysis of Wnt5a expression in tissue sections at E10.5 and E11.5 showed that Wnt5a was expressed in paratracheal and parapharyngeal mesenchyme (Fig. 2C,E,F) . Wnt5a-expressing cells were also seen in the myocardial cell layer of the conotruncus as early as E10.5 ( Fig. 2D ) and even more so at E11.5 (Fig. 2E,F) .
Expression of Wnt5a at early stages of chicken embryo development was previously shown to be present in the primitive streak and the posterior mesoderm (33) . At HH stage 16, there is Wnt5a expression in the branchial arches and pharyngeal mesenchyme in the region consistent with the secondary heart field (Fig. 3A) , similar to the expression pattern in mice ( Fig. 2A,B) . At stage 17/18, Wnt5a expression is visible in the branchial arches, pharyngeal mesoderm, and contiguous conotruncal mesoderm (Fig. 3B,C) .
To definitively determine whether Wnt5a is expressed in the CNC cells, we used quail-chick CNC chimeras. Wnt5a was not expressed in migrating quail CNC cells, but rather in the pharyngeal mesenchyme adjacent to migrating neural crest cells at HH17/18 (Fig. 3D,F) , consistent with the expression pattern in mouse embryos (the ability of chick Wnt5a probe to detect quail Wnt5a mRNA was confirmed in quail embryos, data not shown).
Expression domains of secondary heart field markers are not altered in Wnt5a ؊/؊ mice. To determine whether the development of the secondary/anterior heart field itself is affected in Wnt5a mutants, we used markers that have previously been shown to be expressed in the region of the pharyngeal mesoderm: Fgf8, Fgf10, and Tbx1 (34). All three genes were expressed in partially overlapping domains in wild-type embryos (Fig. 4A,C,E) . By comparison, the expression of Wnt5a was confined to the caudal region of pharyngeal mesoderm ( Fig. 2A) . The expression of Fgf8, Fgf10, and Tbx1 was not altered in Wnt5a mutants, arguing against a lack of formation of the secondary/anterior heart field (Fig. 4B,D,F) .
Expression of CNC marker PlexinA2 is significantly reduced in Wnt5a mutant mice. Because deficiencies in the CNC cells lead to cardiac OFT defects (1), we examined the effect of functional deficiency of Wnt5a on the expression of neural crest markers that are present in populations of migrating neural crest cells, including Sox10 (35) and Crabp1 (36) . The expression of both markers in Wnt5a Ϫ/Ϫ mice was indistinguishable from that of their wild-type littermates, suggesting that the initial migration of CNC cells was normal (Fig.  4G-J) . However, the expression of a CNC cell-specific marker, PlexinA2 (15, 37) , at the time when CNC cell-derived mesenchyme condenses to form an aortopulmonary septum, was markedly reduced in mutant mice (Fig. 4L) . This suggests that lack of proper contribution of CNC cells to the forming aortopulmonary septum may account for the cardiac phenotypes observed in Wnt5a Ϫ/Ϫ mice. Proliferation and apoptosis were examined using methods similar to those described by Choudhary et al. (16) and did not reveal any significant differences between wild-type and mutant mice (data not shown). 
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Stimulation with Wnt5a protein elicits Ca 2؉ transient in CNC cells. Wnt5a is a founding member of the noncanonical subclass of Wnts, which is thought to signal through either a planar cell polarity pathway or a Ca 2ϩ pathway (38) . To begin to understand how Wnt5a may signal to CNC cells, we measured the effect of exogenous Wnt5a protein on Ca 2ϩ transients in chick CNC cells in vitro (Fig. 5C) , and compared its effects to those elicited by Wnt3a (a member of the canonical Wnt pathway) and Et-1 (Et-1 receptor is expressed in the neural crest cells) (39) . The cells that were exposed to Wnt5a were positive for HNK-1 (Fig. 5B) .
Wnt5a increased [Ca 2ϩ ] i in CNC cells that migrated from the explant by 26.9 Ϯ 1.1% at a dose of 0.01 g/mL (n ϭ 57 cells, p Ͻ 0.001), whereas Et-1 increased [Ca 2ϩ ] i by 18.9 Ϯ 1.44% at a concentration of 5 ϫ 10 Ϫ9 M (n ϭ 38 cells, p Ͻ 0.001) (Fig. 5C ). The addition of Wnt3a had no significant effect on CNC cell [Ca 2ϩ ] i even at a concentration twice as high as that of Wnt5a protein (n ϭ 22 cells).
DISCUSSION
Septation of the cardiac OFT and remodeling of aortic arch arteries requires CNC cells (40) . Ablation of the CNC in chick embryos produces abnormal cardiac OFT phenotypes including PTA, interruption of the aortic arch, and double-outlet right ventricle (12) . Although interrupted aortic arch is a more indirect result of neural crest apoptosis and their contribution to smooth muscle (16) , formation of the aortopulmonary septum is entirely dependent on CNC cells. In this report, we show a similar spectrum of cardiac OFT phenotypes in Wnt5a mutant mice, suggesting lack of proper contribution of CNC cells to OFT formation in these mice.
Wnt5a, however, is not expressed in CNC cells, but rather in the pharyngeal mesoderm. This area has been referred to in the literature as either the anterior heart field or the secondary heart field. It is not clear, at present, whether these two areas are distinct or overlapping (5, 41) . The anterior heart field is thought to contribute to the right ventricle, conus, and truncus in the mouse (7, 42) , whereas the secondary heart field is more restricted and contributes only to the arterial pole (mostly truncus) and not to the right ventricle and conus in the chick (6, 40) . Wnt5a expression is restricted to the pharyngeal mesoderm caudal to the OFT. Lack of specific molecular markers limits the ability to precisely distinguish between the anterior and secondary heart field. Mutations in the genes expressed in the anterior heart field would be expected to result in the loss of the entire outflow limb, including the right ventricle, as has been described in mice that are homozygous null for Isl-1 (43) . The observation that the expression of secondary/ anterior heart field markers is largely unaltered in Wnt5a Ϫ/Ϫ mice argues against a global defect in secondary/anterior heart field formation, but rather suggests defective signaling from the pharyngeal mesoderm to CNC cells.
Proper formation and septation of the OFT depends on the concerted movements of pharyngeal mesodermal cells and CNC cells as the OFT moves caudally along the ventral pharynx (11) . The morphogenetic events that lead to the final assembly and septation of the cardiac OFT are poorly understood (16) . It is conceivable that Wnt5a produced within the OFT by the cells of mesodermal origin is important for establishing a normal local environment for the incoming CNC cells that will populate and condense to form the aortopulmonary septum. Interestingly, Fz2, which can function as a receptor for Wnt5a, is also expressed in the OFT (20) . The interaction between mesodermal and CNC cells would be conceptually analogous to the regulation of insulin-positive cell migration in vertebrate pancreas (17) . Wnt5 and Fz2 are expressed in the mesodermal cells adjacent to migrating insulin-positive cells in zebrafish embryos, thereby providing the right environment and/or directional signals to insulin-positive cells so that they can coalesce to form an islet.
Our experiments with Ca 2ϩ transients demonstrate that CNC cells are capable of responding to Wnt5a. One possibility is that Wnt5a may provide positional information for CNC cells during the final step of their targeted migration to the OFT. Impaired targeted migration (evidenced by reduced PlexinA2 expression, but normal expression of markers of earlier migrating neural crest cells) has been proposed to account for PTA in Sema3C (15) and Alk2 mutants (35) . The exact mechanism by which Wnt5a could affect CNC cell motility is unknown. Neural crest cells require cell protrusions for locomotion (44) . Because calcium transients have been demonstrated to regulate motility of cellular filopodia (45) , it is conceivable that a similar Ca 2ϩ -mediated mechanism may regulate CNC cell migration or orientation. Wnt5a has been previously implicated in the regulation of migratory behavior of various cell populations (46, 47) . Although experiments with ectopic Wnt5a suggest a direct effect of Wnt5a on the CNC cells, we cannot exclude the possibility that Wnt5a signal could also be involved in the movement of the cells of the anterior/secondary heart field into the distal conotruncus.
Because Wnt5a is expressed in the pharyngeal mesoderm adjacent to the migrating CNC cells and within the myocardial cell layer of the OFT itself, we propose a model in which Wnt5a acts as a local morphogen that establishes the appropriate environment and/or signals to CNC cells as they reorganize to form the aortopulmonary septum. Although we do not show a direct evidence of such interactions, the role of local morphogenetic factors, such as TGF-␤ signals, in the assembly of the cardiac OFT has recently been suggested by Choudhary et al. (16) . Mice with neural crest-specific deletion of type II TGF-␤ receptor have PTA, yet CNC cell migration, proliferation, and survival are normal. We do not understand the exact mechanism through which these interactions may occur, but possible mechanisms include regulation of targeted migration, cell specification, or time and location of colonization of the OFT by the CNC cells.
Future studies will examine whether Wnt5a mutations may account for OFT defects in humans. Also, as new transgenic mouse lines are generated and more precise labeling techniques of individual cell lineages become available, it will be possible to test the interactions between the secondary/anterior heart field and the CNC cells in a more direct way.
